Biosynthesis of many ecologically important secondary metabolites (SMs) in filamentous fungi is 23 controlled by several global transcriptional regulators, like the chromatin modifier LaeA, and tied 24 to both development and vegetative growth. In Aspergillus molds, asexual development is 25 regulated by the BrlA>AbaA>WetA transcriptional cascade. To elucidate BrlA pathway 26 involvement in SM regulation, we examined the transcriptional and metabolic profiles of ΔbrlA, 27
Introduction 35
Filamentous fungi produce a remarkable diversity of specialized secondary metabolites 36 (SMs), which are small molecules that play diverse ecological roles in fungal defense, 37 communication, and virulence (1). In fungi, SMs are typically produced by pathways organized 38 into contiguous biosynthetic gene clusters (BGCs), an organization atypical of metabolic 39 pathways in most other eukaryotes (2). The transcription of these BGCs is often controlled by 40 both cluster-specific transcription factors as well as globally-acting transcriptional regulators. 41
These global regulators respond to a variety of environmental signals including pH, temperature, 42 light, and nutrient sources to transcriptionally regulate BGCs, and are typically well conserved in 43 filamentous fungi (3). 44 45 Many of the environmental signals that regulate SM production in Aspergillus fungi, 46 including temperature, pH, and carbon or nitrogen sources, also trigger the onset of asexual and 47 sexual development (4). At the cellular level, this coupling between SM production and 48 development is orchestrated in part by the velvet protein complex, which is composed of two 49 velvet domain proteins, VeA and VelB, and the methyltransferase LaeA (5) . Although the precise 50 mechanism by which the velvet complex regulates the two processes is unknown, LaeA regulates 51 transcription epigenetically through heterochromatin reorganization of target DNA (6, 7). The 52 result of this coupling of SM and development is that several SMs show tissue specificity, i.e., 53 they are localized or produced only in certain tissues. For example, the SMs DHN melanin, 54 fumigaclavines, endocrocin, trypacidin, and fumiquinazolines, appear to be specifically produced 55 in the asexual spores of Aspergillus fumigatus (8) (9) (10) (11) (12) . Importantly, several of these asexual spore 56 (conidial) metabolites, all , are part of the pathogenic arsenal of this human 57 pathogen (reviewed in 14) . 58 59 network governing tissue-specific secondary metabolism as well as of diverse cellular processes 86 in filamentous fungi. 87 88
Results and Discussion 89
Genome-wide transcriptional impact of BrlA, AbaA, and WetA 90
To examine the genome-wide regulatory roles of the three central regulators of asexual 91 development, we performed RNA sequencing on A. fumigatus wild-type (WT), ΔbrlA, ΔabaA, and 92 ΔwetA mutant strains grown on minimal media in conditions known to induce the production of 93 both vegetative growth-specific and asexual development-specific SMs. 6,738 of the 9,784 genes 94 in the genome of the A. fumigatus Af293 strain were differentially expressed in the ΔbrlA versus 95 WT comparison (3,358 over-expressed and 3,380 under-expressed) ( Table 1, Table S1 ). Fewer 96 genes were differentially expressed in the ΔabaA versus WT comparison (1,895 differentially 97 expressed genes; 1,148 over-expressed and 747 under-expressed) and in the ΔwetA versus WT 98 comparison (2,158 differentially expressed genes; 1,192 over-expressed and 966 under-99 expressed) . 100
101
To determine processes positively regulated by BrlA, AbaA, and WetA, we performed GO 102 enrichment analysis for genes under-expressed in each deletion strain. Among the 55 functional 103 categories enriched in genes under-expressed in ΔbrlA versus WT were SECONDARY METABOLISM, 104 RESPONSE TO STRESS, DEVELOPMENTAL PROCESS, ASEXUAL SPORULATION, CELLULAR RESPIRATION, 6 enriched for three categories, which were SECONDARY METABOLIC PROCESS, TOXIN METABOLIC 111 PROCESS, and OXIDOREDUCTASE ACTIVITY (Figure 1C , Table S2 ). 112 113
BrlA is a key regulator of BGCs and SMs 114
To examine the relationship between regulation of asexual development and tissue-115 specific regulation of secondary metabolism, we examined the transcriptional responses of the 116 33 A. fumigatus characterized and predicted BGCs ( Table S3 ) (29) . Although only five 117 characterized BGCs (DHN melanin, endocrocin, trypacidin, fumigaclavine and fumiquinazoline) 118 are reported to be asexual development-specific, we found that 27 / 33 (82%) of BGCs are 119 differentially expressed in one or more of the three comparisons examined (Figure 2A) , 120 suggesting a much broader governance of SM production by these transcriptional regulators of 121 asexual development. Like the trend observed with genome wide transcriptional impact of these 122 regulators, we find BrlA to be a major contributor to changes in BGC expression, regulating all 123 but one of the differentially expressed BGCs (26 / 27; 96%), followed by WetA (15 / 27; 45%), and 124
AbaA (11 / 27; 34%) (Figure 2A) . Of the 27 differentially expressed BGCs, nine were regulated 125 by all three transcriptional regulators, ten showed BrlA-specific regulation, one showed WetA-126 specific regulation, two showed joint regulation by both BrlA and AbaA, and five showed joint 127 regulated by BrlA and WetA (Figure 2B) . These results suggest that, unlike BrlA, WetA (with the 128 exception of one BGC) and AbaA do not independently regulate their BGC targets. 129 regulated by all three developmental regulators (Figure 2) ; the only exception is the conidial PKS 136 BGC for trypacidin, which appears to not be under the control of any of the developmental 137 regulators in the conditions tested. However, the trypacidin pathway specific transcription factor 138 gene tpcE (Afu4g14540), is positively regulated by BrlA (Table S1 ) and failure to observe tpcC 139 (Afu4g14560; the polyketide synthase) regulation may be a reflection of observations that 140 trypacidin is not produced at high levels until later time points (10). Aside from these four asexual 141 development-specific BGCs, the other five BGCs that are jointly regulated by all three 142 developmental regulators, include the gliotoxin BGC, the intracellular siderophore ferricrocin 143 BGC, the meroterpene pyripyropene BGC, and BGCs 24 and 31 (Figure 2) . Although previous 144 results indicated the involvement of BrlA in regulating gliotoxin biosynthesis (16), it is not yet 145 known whether this mycotoxin is present in asexual spores. 146 147 Joint regulation by BrlA, AbaA and WetA extends beyond the nine BGCs, and includes 148 genes involved in sulfur/methionine metabolism (8 genes) and aromatic amino acid metabolism 149 (4 genes) (Table S1) suggesting a connection between primary metabolism (e.g. substrate 150 availability) and secondary metabolism. This is consistent with previous work linking methionine 151 and tryptophan availability with natural product synthesis (19-21), as well as with evidence that 152 A. fumigatus tryptophan metabolism mutants show altered secondary metabolite output (22) . 153
Specifically, many NRPS metabolites incorporate aromatic amino acids, such as tryptophan (e.g. 154 fumiquinazoline) or phenylalanine (e.g. gliotoxin), in their carbon skeleton and gliotoxin itself 155 impacts homeostasis of the methionine cycle (23, 24) . 156
157
To examine whether the gene expression changes observed for these BGCs correlate 158 with metabolite production, we performed SM profiling using the same fungal cultures as for the 159 transcriptomic experiments (Figure 3) . In the ∆brlA and ∆abaA mutant cultures, the metabolite 160 profiles are consistent with the gene expression profiles of their corresponding BGCs. For example, production of ferricrocin, fumigaclavines, endocrocin, gliotoxin, fumiquinazolines, and 162 pyripyropene A is completely abolished or significantly reduced in the ∆brlA mutant culture 163 (Figure 4) , mirroring the under-expression of their BGCs in the ∆brlA versus WT comparison 164 (Figure 2) . These compounds are also significantly reduced in the ∆abaA mutant culture and 165 correlate with the gene expression patterns of their BGCs in the ∆abaA versus WT comparison, 166 albeit to a lesser degree when compared to that observed in ∆brlA (Figure 4; Figure 2) . 167
168
In contrast to ∆brlA and ∆abaA, the correlation between ∆wetA gene expression and 169 metabolite profiles was much lower. For example, we observed a significant increase of several 170 SMs, such as the fumigaclavines and endocrocin, in the ∆wetA mutant even though their 171 corresponding BGCs are under-expressed in the ∆wetA versus WT comparison (Figure 3 ; Figure  172 2). Endocrocin is also produced as an early shunt product redundantly by the trypacidin BGC in 173 the strain of A. fumigatus used in this study (10), and thus could be attributed to that BGC as well. 174
Although we did not detect the final product trypacidin, minute amounts of the trypacidin precursor 175 questin were produced in the wildtype fungus and, to much lesser degree, in the ∆wetA mutant 176 (Figure 4) . The high metabolite production levels in ∆wetA in spite of low gene expression levels 177 could be attributed to the compromised cell wall of this developmental mutant (25) that resulted 178 in increase in SM extraction efficiency compared to other test strains of the fungus. 179 180 Assessment of metabolites from both fungal tissue and growth supernatant (secreted) 181 showed that a major fraction of extracted SMs, including all the known conidial-associated SMs 182 (fumigaclavines, endocrocin, fumiquinazolines, and questin), the intracellular siderophore, 183 ferricrocin, and pseurotin A accumulate in the fungal tissue, whereas that of other SMs, such as 184 the fumitremorgins, terezine D, fumagillin, pyripyropene A, and helvolic acid, are secreted into the 185 growth supernatant (Figure S1 , Table S4 ). This may be a reflection of the chemical properties of 186 these metabolites and their ability to diffuse or be actively released to the outside of the cell. 9 188 Ten of the 27 differentially regulated BGCs are under BrlA-specific control (Figure 2B) . 189
Except for the BGC of the extracellular siderophore fusarinine C, the SM products of the remaining 190 nine BrlA-specific BGCs have yet to be characterized. Both BrlA and AbaA jointly govern 191 expression of the fumisoquin BGC and the fumitremorgin BGC ( Figure 2B) . As the A. fumigatus 192
Af293 strain used in this study is reported to harbor a point mutation in ftmD (Afu8g00200) that 193 renders it incapable of producing the terminal product, fumitremorgin C (26), metabolomic 194 analysis on the fumitremorgin BGC was performed using an early pathway precursor, 195 brevianamide F. Total production of brevianamide F is significantly increased in cultures of all 196 three transcriptional regulator mutants (Figure 4) . Surprisingly, we also detect a significant 197 amount of fumitremorgin C (as determined through m/zs and retention time matched to the 198 fumitremorgin C standard) in the WT strain as well as -at even higher levels -in mutant cultures 199 of all three developmental regulators, suggesting there may be compensation for this mutation 200 (Figure 4) . FtmD is an O-methyltransferase and it is possible that other O-methyltransferases in 201 the genome may function at this step. On the other hand, Kato et al. (26) note that the mutated 202 FtmD enzyme still functions and it is possible we observed fumitremorgin C production as we 203 grew the fungus in a different condition than the one used in the previous report allowing for FtmD 204 function. 205 206 Our gene expression data indicate that WetA positively regulates its sole specific target, 207 the iron-coordinating hexadehydroastechrome (HAS) BGC. As metabolite detection of the iron 208 coordination complex of HAS is challenging, we used the monomeric unit of this complex, terezine 209 D, in our metabolite profiling of this BGC. In contrast to the gene expression data, which show 210 that the BGC is under-expressed in ∆wetA versus WT, we observed that terezine D production is 211 increased in the ∆wetA mutant (Figure 4) . Even though the HAS BGC does not appear to be 212 transcriptionally regulated by BrlA or AbaA, we still observed a decrease of terezine D production 213 in both mutants (Figure 4) . This could be related to other cellular processes as HAS is a 214 tryptophan derived metabolite dependent on iron-homeostasis (27), with genes in both networks 215 regulated by the BrlA cascade. BrlA and WetA jointly govern the helvolic acid BGC, the 216 fumagillin/pseurotin supercluster, and three unknown BGCs (Figure 2) . Compared to WT levels, 217 production of both fumagillin and helvolic acid is increased in the ∆brlA mutant, unchanged in the 218 ∆wetA mutant, and substantially increased in the ∆abaA mutant (Figure 4) . 219
220
In summary, examination of transcriptional and metabolic profiles of ΔbrlA, ΔabaA, ΔwetA 221 and WT strains of A. fumigatus showed that several BGCs and SMs exhibit BrlA-specific 222 regulation; in contrast, no BGCs or SMs were under AbaA-specific control and only one showed 223
WetA-specific regulation. Furthermore, several additional BGCs and SMs appeared to be under 224 the control of BrlA and WetA or AbaA or under the control of all three proteins (Figure 2) . Given 225 that strains lacking brlA do not enter asexual development, it is perhaps not surprising that both 226 the gene expression and SM production of asexual development-specific BGCs, such as those 227 for endocrocin and fumigaclavine, are under BrlA control (Figure 2; Figure 4 ). However, in 228 addition to these spore-associated BGCs and SMs, BrlA also appears to regulate BGCs and SMs, 229 such as helvolic acid and fumisoquin, which are not known to be associated with specialized 230 developmental tissues but rather with vegetative growth, suggesting that BrlA regulation of 231 secondary metabolism extends beyond asexual development. 232 233
LaeA regulation of secondary metabolism is extensively mediated through BrlA 234
LaeA, a member of the fungal-specific velvet protein complex, is known to regulate 235 secondary metabolism in many agriculturally and medically important filamentous fungi (28). 236
Given the surprising global changes in BGC expression in the ∆brlA mutant as well as the aberrant 237 conidia phenotype previously observed in the ∆laeA mutant (29), we further assessed the genetic 238 relationship between these two global regulators and their governance on secondary metabolism.
Global transcriptome comparison between the LaeA and BrlA regulons in A. fumigatus shows 240
striking concordance in BGC regulation, with 13 / 16 of the LaeA-regulated BGCs as determined 241 by microarray-based transcriptome analysis (13) also regulated by BrlA (Table S5 ). These include 242 the BGCs responsible for the production of DHN melanin, fumigaclavines, endocrocin, helvolic 243 acid, fumisoquins, gliotoxin, fumiquinazolines, fumitremorgins, fumagillin/pseurotin, and 244 pyripyropenes, and three uncharacterized BGCs (cluster 24, a NRPS-based cluster upstream of 245 the gliotoxin cluster, cluster 15, a PKS-based BGC and cluster 2, a nidulanin-like BGC) ( Table  246   S5 To further decipher the genetic relationship between the LaeA and BrlA transcriptional 253 networks, we assessed the expression of these two genes in each respective deletion mutant. 254 Northern analysis of both brlA and laeA expression in the laeA and brlA deletion mutants showed 255 that whereas laeA expression is not significantly impacted in the ΔbrlA strain ( Figure 6A) , brlA 256 expression is significantly reduced in the ΔlaeA mutant ( Figure 6B ), in agreement with previous 257 microarray and RNA-seq data (30, 31) . Because LaeA loss is known to be involved in silencing 258 of BGCs through chromatin remodeling (12) and a previous study in A. nidulans has shown that 259
LaeA allows for SM expression by counteracting heterochromatin marks on BGC gene promoters, 260 specifically reducing H3K9 methylation through heterochromatin protein-1, HepA (AN1905) (6), 261
we suspected that the epistatic nature of LaeA regulation of brlA could be governed through 262 modifications to the chromatin landscape within the brlA promoter. Indeed, chromatin 263 immunoprecipitation (ChiP) examining histone modifications of the brlA promoter shows that 264 although the histone H3 occupancy at the brlA promoter is unchanged between WT and ∆laeA, 265 there is a substantial decrease of a modification correlating with euchromatin (H3K4me3) in the 266 ∆laeA strain, while the heterochromatic mark H3K9-me3 is greatly enriched (Figure 6C) . Thus, 267 as with BGC regulation, it appears that LaeA epigenetically regulates brlA by impeding 268 heterochromatin formation on the brlA promoter (Figure 6) . Based on these results, we infer that 269
LaeA regulation of secondary metabolism is significantly mediated through its epistatic effect on 270
BrlA. 271
272 Several transcriptional regulators of diverse cellular processes, including the SrbA-273 regulated hypoxia stress response, are also BrlA and LaeA-regulated 274
These findings piqued our interest on whether the LaeA-BrlA regulatory relay extends beyond 275 secondary metabolism. To address this question, we compared the differential expression profiles 276 of all A. fumigatus transcription factors (TFs) in both the ∆laeA versus WT comparison and in the 277 ∆brlA versus WT comparison. We found that, similar to the observed overlap of differential 278 expression profiles for BGCs (Table S5) Figure 6D) . In addition, we also observe that both LaeA and BrlA negatively regulate a series of 286 TFs involved in fungal morphogenesis (MtfA; Afu6g02690), virulence (SebA; Afu4g09080), pH 287 signaling (PacC; Afu3g11970), acetate utilization (FacB; Afu1g13510), and repression of sexual 288 development (RosA; Afu4g09710) ( Figure 6E) . It thus appears that a substantial part of the LaeA 289 transcriptional cascade is moderated via BrlA. 290
291
To further examine a cellular process independent of secondary metabolism that is 292 regulated by LaeA and BrlA, but not AbaA or WetA, we focused on the SrbA-regulated hypoxia 293 stress response (32). Under-expressed genes in ΔbrlA versus WT are enriched for categories 294 associated with stress response and mitochondrial activity, including CELLULAR RESPIRATION, 295 MITOCHONDRION, and RESPONSE TO STRESS (Figure 1) . Among these genes are the hypoxia 296 regulators srbA (Afu2g01260) and srbB (Afu4g03460) ( Table S1 ). Both transcription factors 297 contribute to virulence and are critical for regulation of iron uptake, heme biosynthesis and 298 ergosterol synthesis in A. fumigatus (32) . Previous work has determined that SrbA is a DNA-299 binding protein that binds upstream of 97 genes in A. fumigatus CEA10, 91 of which have 300 orthologs in the Af293 strain used in this study (32) . 69 / 91 (76%) of these genes are under-301 expressed in ΔbrlA versus WT ( Table 2, Table S6 ). In contrast, the percentages of SrbA-302 regulated genes were substantially smaller in both ΔabaA vs WT (14 / 91 genes or 15%) or ΔwetA 303 vs WT (13 / 91 genes or 14%). Among the genes co-regulated by BrlA and SrbA are those in the 304 ergosterol biosynthetic pathway, including the first enzyme in the pathway, Erg1 (Afu5g07780), 305 both 14- sterol demethylases (Erg11A/Cyp51A; Afu4g06890 and Erg11B/Cyp51B; 306 Afu7g03740), Erg5 (Afu1g03950) and both C4-sterol methyl oxidases (Erg25A; Afu8g02440 and 307 erg25B; Afu4g04820) (33, 34). The nitrate assimilation genes niiA (Afu1g12840) and niaD 308 (Afu1g12830) are also regulated by BrlA and SrbA, linking sporulation and hypoxia to nitrate 309 assimilation, observations noted in earlier studies (17, 35) . Examination of the ΔlaeA 310 transcriptional profile shows a near 100% identity of regulation of these genes (13). These 311 findings largely replicate the working model for transcriptional regulation of the hypoxic response 312 previously presented by Chung et al. (32) , placing LaeA and BrlA as critical upstream regulators 313 of this pathway. 314 315 A cellular network regulating fungal secondary metabolism as well as diverse cellular 316 processes 317
In filamentous fungi, SM production is coupled with the onset of asexual development. In 318
Aspergillus, asexual development is governed by the central regulators BrlA, AbaA, and WetA, 319 which are required for the early, middle, and late stages of asexual development, respectively. To 320 investigate how regulation of asexual development is linked to the tissue-specific regulation of 321 secondary metabolism, we examined the global transcriptomic and metabolomic profiles of ΔbrlA, 322
ΔabaA, ΔwetA and WT strains of A. fumigatus. We find a distinct role for BrlA in regulating both 323 asexual development-specific and vegetative growth-specific secondary metabolism as well as 324 diverse cellular processes, including the hypoxia stress response. Interestingly, BrlA's 325 involvement in SM regulation occurs in the context of the BrlA>AbaA>WetA cascade, whereas 326 the protein's involvement in the regulation of diverse cellular processes appears to be dissociated 327 from AbaA and WetA. We further find that the BrlA transcriptional program is highly similar to the 328 LaeA transcriptional program and elucidate the epigenetic and epistatic relationship of LaeA and 329 brlA expression underlying the joint transcriptional profiles. Together, this work allows for a 330 hierarchical framework of LaeA and BrlA function in fungal development (Figure 7) . 331
332
Both the set of BrlA>AbaA>WetA regulated genes and the set of BrlA / SrbA regulated 333 genes show substantial overlap with the set of LaeA regulated genes (Figure 6 ; Tables S4 and  334 S5; 13, 31). Our finding that LaeA epigenetically regulates brlA expression provides a mechanistic 335 explanation of these overlaps and alters our understanding of the role of LaeA in the regulation 336 of secondary metabolism in the context of both fungal vegetative growth and asexual 337 development as well as in the regulation of additional cellular processes. We propose that LaeA, 338 perhaps as a member of the velvet protein complex, acts through epigenetic and epistatic 339 regulation of key 'cellular switches', with BrlA representing one of these switches (Figure 7) . BrlA 340 is a known transcription factor that was first identified as a regulator of conidiophore development 341 in A. nidulans (36, 37) . BrlA has also been characterized in several Aspergillus and Penicillium 342 species, and its regulatory functions have always associated with sporulation and frequently with 343 secondary metabolism (16, (38) (39) (40) . The regulatory elements in the brlA enhancer have been 344 extensively characterized and are thought to include transcriptional complexes comprised of 345 several regulatory proteins, including two velvet protein family proteins VosA and VelB (reviewed 346 in Lee et al. 2016) . It is possible that LaeA associates with one or more of these proposed positive 347 acting transcriptional complexes to inhibit heterochromatic marks on the brlA promoter and allow 348 for its activation. 349
350
The global nature of BGC regulation by BrlA was surprising and accounts for the majority 351 of LaeA regulated SMs. Interestingly, of the nine characterized BGCs that our results suggest are 352 identically regulated by both proteins, six do not contain a pathway-specific transcription factor 353 and of the other three, the BGC-specific transcription factors (TpcE; Afu4g14540, FsqA; 354 Afu6g03430, and GliZ; Afu6g09630, Table S1 ) are highly regulated by BrlA. Thus it appears that, 355 minimally, these nine BGCs are induced by LaeA-mediated BrlA activation. However, not all 356 BGCs were similarly regulated by LaeA and BrlA, suggesting that they may require LaeA 357 activation through other or additional 'cellular switches', that they may be solely (positively or 358 negatively) regulated by BrlA, or that they may be regulated through LaeA-and BrlA-independent 359 cascades. Since both LaeA and BrlA are present in other fungal genera, including Penicillium and 360
Talaromyces, and the fact that the secondary metabolites produced by organisms in these genera 361 are distinct from those produced by A. fumigatus, it will be of future interest to address how 362 conserved global molecular circuitry are rewired to control species-specific processes such as 363 secondary metabolism (42). 364
Finally, our work shows that BrlA is the likely mediator of many of the known LaeA cellular 366 cascades, including several associated with A. fumigatus virulence, substantially expanding the 367 diversity of cellular processes that appear to be regulated by BrlA. For example, both proteins are 368 critical for activation of members of the aromatic amino acid and sulfur/methionine pathways, 369 which play a role in virulence of this pathogen (43, 44) . We also find that BrlA is a key regulator 370 of hypoxia regulated genes, likely through its regulation of SrbA and SrbB, the two key 371 transcription factors critical for hypoxia adaptation in A. fumigatus (32, 45) . SrbA is also important 372 in azole resistance through its regulation of the ergosterol biosynthetic pathway (46), and our work 373 uncovers a direct signaling pathway from LaeA to BrlA to SrbA/B to ergosterol gene expression 374 which may reveal new avenues to study the expanding threat of antifungal resistance in 375
Aspergillus species (47). 376 377
Materials and Methods 378

Fungal strains and growth conditions 379
All strains used in this study are listed in Table 3 . Fungal strains are maintained in -80ºC 380 glycerol stocks and activated on glucose minimal media (GMM) at 37 ºC (48). For RNA-seq 381 analysis, 2.5 x10 6 spores of WT, five confluent plates of ∆brlA, two confluent plates of ∆abaA, and 382 1 x 10 7 spores of ∆wetA were inoculated into 500 mLs of liquid YPD (1% yeast extract, 2% 383 peptone, 2% glucose) and grown in 250 rpm shaking condition for 24 hours at 37ºC to synchronize 384 development between strains. The size of the inoculum chosen was previously determined to 385 provide comparable fungal mass after 24 hours incubation in the above condition. In a sterile 386 environment, fungal mycelia were filtered through Miracloth (EMD Millipore) and thoroughly 387 on an Illumina HiSeq 2500 sequencer. Two biological replicates were generated for each strain 405 sequenced and 28 -53 million reads were generated for each library. All short read sequences 406 are available in the NCBI Short Read Archive under the BioProject PRJNA396210. 407 408
Differential gene expression analysis 409
Raw RNA-seq reads were trimmed of low-quality reads and adapter sequences using 410
Trimmomatic with the suggested parameters for paired-end read trimming (49). After read 411 trimming, all samples contained between 19-49 million read pairs, with the average sample 412 containing 28 million reads. Trimmed reads were aligned to the A. fumigatus Af293 version 413 s03_m04_r11 genome from the Aspergillus Genome Database (50, 51). Read alignment was 414 performed with Tophat2 using the reference gene annotation to guide alignment and without 415 attempting to detect novel transcripts (parameter -no-novel-juncs) (52). Reads aligning to each 416 gene were counted using HTSeq-count with the union mode (53). Differential expression was 417 determined using the DESeq2 software (54). Genes were considered differentially expressed if 418 their Benjamani-Hochberg adjusted p-value was less than 0.1. 419 420
Functional enrichment analysis 421
Functional category enrichment was determined for differentially expressed genes in all 422 conditions tested using the Cytoscape plugin BiNGO (55, 56) . To allow for a high-level view of 423 the types of differentially expressed gene sets, the Aspergillus GOSlim v1.2 term subset was used 424 (57). The Benjamini-Hochberg multiple testing correction was applied and functional categories 425 were considered significantly enriched if the adjusted p-value was less than 0.05. 426
A. fumigatus BGCs were taken from a combination of computationally predicted and 429 experimentally characterized gene clusters involved in secondary metabolism (18, 58) . A list of 430 all BGCs used in this study is available in Table S2 . BGCs were designated differentially 431 expressed if half or more of the genes in the BGC were differentially expressed. BGCs were 432 designated over-expressed if half or more of the genes in the BGC were over-expressed or were 433 designated under-expressed if half or more of the genes in the BGC were under-expressed. BGCs 434 where half or more of the genes in the BGC were differentially expressed but did not have half or 435 more genes being either over-expressed or under-expressed were designated mixed expression. injected into the UHPLC-MS system, separated using an Agilent Zorbax Eclipse XDB-C18 column 460
(2.1 x 150 mm, 1.8 µM particle diameter), and ran using 0.05% formic acid in acetonitrile as the 461 organic phase and 0.05% formic acid in water as the aqueous phase at a flow rate of 0.2 mL/min. 462
The solvent gradient starts at 20% organic for 2 mins, followed by a linear increase to 60% organic 463 over 10 minutes, a linear increase to 100% organic over 1 min, and a final holding at 100% organic 464 for 5 mins totaling to 18 minutes of runtime and data collection. The XDB-C18 column was 465 equilibrated at 20% organic for 5 mins in between each sample injection throughout the entire 466 sequence. unavailable and thus compound abundance were inferred from calculated m/z.
481
Data visualization, peak alignment, analysis of full scan UHPLC-MS data, ion extraction, 482 and metabolite quantitation were performed using Xcalibur TM (Thermo Scientific) and MAVEN 483 (Melamud et al, 2010) . Ionization mode was chosen for each compound based on optimal peak 484 profiles of their respective standards as assessed in both ESI + and ESImodes. Both total ion 485 chromatograms (TICs) and extracted ion chromatograms (EICs) were generated in GraphPad 486
Prism 7 (GraphPad Software) using coordinate data of peak intensity (y) vs retention time (x) 487 obtained from MAVEN. The area below the peak that corresponds to each compound was used 488 to generate the table for metabolite quantitation in GraphPad Prism 7 (GraphPad Software). 489 490 Chromatin immunoprecipitation and real time qPCR analysis 491 50 milliliter cultures of liquid GMM were inoculated with 1 x 10 6 spores per ml and 492 incubated at 250 rpm and 37 °C for 24 hours under light. Triplicate cultures were performed for 493 each strain. Chromatin immunoprecipitation was carried out as described previously (60). 494
Antibodies used for ChIP were: rabbit polyclonal to histone H3 acetyl K9, Abcam, ab10812, rabbit 495 polyclonal to histone H3 trimethyl K4, Upstate, 07-473, rabbit polyclonal to histone H3 acetyl K9, 496 Abcam, ab8898, and rabbit polyclonal to C-terminus histone H3 antibody, ab1791. Two 497 micrograms of antibody were used per reaction of 200 mg total protein. Amplification and 498 detection of precipitated DNA in real-time qPCR was performed with iQ™ SYBR® Green 499 Supermix #170-8880 (Bio-Rad, Cat#170-8880) following the manufacturer's instructions using 500 primers AF brlA(p) F qPCR (CGTACGGGTGTAAGTCTGATC) and AF brlA(p) R qPCR 501 (CTCTGTATCTTCTAGTTCAATGG). Relative amounts of DNA were calculated by dividing the 502 immunoprecipitated DNA by the input DNA. Each PCR reaction was replicated. To normalize the 503 amount of DNA precipitated with histone H3-acetyl K9 and H3-trimethyl K4, the quantities from 504 precipitation with these antibodies was divided by the previously calculated ratio of the anti-C-505 terminus histone H3 precipitation to input DNA. Table S4 567 Table S1 . Differential gene expression of all strains. 568 Table S2 . All Gene Ontology enrichment results. 569 Table S3 . All secondary metabolic gene clusters in Aspergillus fumigatus. 570 Table S4 . T-tests for significant differences between supernatant and mycelial secondary 571 metabolites shown in Figure S1 . 572 
